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Abstract
Individuals with chronic stroke have reduced perfusion of the paretic lower limb at rest; how-
ever, the hyperemic response to graded muscle contractions in this patient population has
not been examined. This study quantified blood flow to the paretic and non-paretic lower
limbs of subjects with chronic stroke after submaximal contractions of the knee extensor
muscles and correlated those measures with limb function and activity. Ten subjects with
chronic stroke and ten controls had blood flow through the superficial femoral artery quanti-
fied with ultrasonography before and immediately after 10 second contractions of the knee
extensor muscles at 20, 40, 60, and 80% of the maximal voluntary contraction (MVC) of the
test limb. Blood flow to the paretic and non-paretic limb of stroke subjects was significantly
reduced at all load levels compared to control subjects even after normalization to lean mus-
cle mass. Of variables measured, increased blood flow after an 80%MVC was the single
best predictor of paretic limb strength, the symmetry of strength between the paretic and
non-paretic limbs, coordination of the paretic limb, and physical activity. The impaired
hemodynamic response to high intensity contractions was a better predictor of lower limb
function than resting perfusion measures. Stroke-dependent weakness and atrophy of the
paretic limb do not explain the reduced hyperemic response to muscle contraction alone as
the response is similarly reduced in the non-paretic limb when compared to controls. These
data may suggest a role for perfusion therapies to optimize rehabilitation post stroke.
Introduction
Following stroke, blood flow to the musculature of the paretic limb is decreased at rest com-
pared to the non-paretic limb and the limbs of healthy subjects.[1–3] Presumably, the reduc-
tion in paretic limb blood flow is due to both muscle atrophy caused by reduced neural drive to
the affected limb as well as deconditioning due to decreased use of the paretic limb. [4, 5] Meta-
bolic changes such as augmented lactate production and reduced oxygen uptake have also been
PLOSONE | DOI:10.1371/journal.pone.0144023 December 2, 2015 1 / 13
OPEN ACCESS
Citation: Durand MJ, Murphy SA, Schaefer KK,
Hunter SK, Schmit BD, Gutterman DD, et al. (2015)
Impaired Hyperemic Response to Exercise Post
Stroke. PLoS ONE 10(12): e0144023. doi:10.1371/
journal.pone.0144023
Editor: Randy D Trumbower, Emory University
School Of Medicine, UNITED STATES
Received: June 2, 2015
Accepted: November 12, 2015
Published: December 2, 2015
Copyright: © 2015 Durand et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.
Funding: This work was supported by the National
Center for Advancing Translational Sciences,
National Institutes of Health, through grant number
8UL1TR000055 (AH and MD) and National Institute
of Neurological Disorders and Stroke, National
Institutes of Health 1R21NS088818 (AH, MD, DG)
and R01-NS079751 (BS). Its contents are solely the
responsibility of the authors and do not necessarily
represent the official views of the NIH.
reported in the paretic muscle during low level exercise.[6] These observations, coupled with
deficient central neural activation of the paretic muscle during exercise,[7] combine to severely
limit paretic lower limb function in this subject population and limit the potential impact of
rehabilitation on motor recovery.
To date, the hyperemic response to paretic limb muscle contraction has not been examined
in the chronic stroke population. The purpose of this study was to examine femoral artery
blood flow in both the paretic and non-paretic lower limb of stroke survivors, and in neurologi-
cally intact control subjects, in response to graded, submaximal contractions of the knee exten-
sor muscles. In healthy subjects peripheral blood flow is tightly matched to the metabolic
demand of exercising muscle. Given the reduced neural activation of the paretic musculature
[7, 8] and a shift in paretic muscle physiology to favor a more fatigue-prone state post stroke,
[6, 9] we hypothesize that the hyperemic response to contractions of the knee extensor muscles
will be blunted in the paretic limb of subjects with chronic stroke, and that subjects with a
more robust hyperemic response will have greater lower limb function and strength.
Materials and Methods
Subjects
All activities in this study were approved by the Institutional Review Boards of Marquette Uni-
versity and the Medical College of Wisconsin. All participants gave written informed consent
prior to study participation. Ten participants with chronic stroke ( 6 months) and ten age-
and sex-matched, neurologically intact subjects were recruited (see Table 1 for details). Stroke
subject inclusion criteria: 1) history of a single, unilateral stroke and 2) the ability to ambulate
Table 1. Characteristics of all Subjects.
Characteristic Control (n = 9) Stroke (n = 10)
Sex, Male 6 6
Age (yr) 60±6 63±7
Height (cm) 173.2±14.7 172.1±11.7
Weight (kg) 80.3±14.6 85.9±19.7
Body Mass Index (kg/m2) 27±4 29±4
Total Body Fat (%) 35.8±6.5 39.8±4.5
Estimated Visceral Fat (%) 27.3±10.5 34.0±11.7
Waist Circumference (cm) 94.4±7.7 103.8±11.4
Hip Circumference (cm) 103.4±6.5 107.8±4.0
Waist to Hip Ratio 0.91±0.04 1.00±0.08
Total Cholesterol (mg/dl) 200±22* 170±32
LDL Cholesterol (mg/dl) 123±26* 91±26
HDL Cholesterol (mg/dl) 60±21 59±21
Triglycerides (mg/dl) 94±50 104±48
Systolic Blood Pressure (mmHg) 125±9 123±15
Diastolic Blood Pressure (mmHg) 80±11 74±9
Heart Rate (bpm) 73±18 75±8
Fugl-Meyer Score NA 23±7
Physical Activity (Met-h/week) 14±7 13 ±7
All values are expressed as mean ± SD. HDL, high density lipoprotein; LDL, low density lipoprotein; n,
number of subjects.
*Signiﬁcant difference (p<0.05) Stroke vs. Control–unpaired t-test.
doi:10.1371/journal.pone.0144023.t001
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at least 30 feet with or without an assistive device. Stroke subject exclusion criteria: 1) history of
multiple strokes, 2) brainstem stroke, 3) any uncontrolled medical condition, 4) lower extrem-
ity contractures, 5) resting systolic blood pressure140 mmHg or 6) inability to follow 2–3
step commands. One control subject refused the body composition scan (see below), and non-
paretic lower limb blood flow could not be quantified for one stroke subject during the equal
torque test session. Subjects were not instructed to abstain from taking their current
medications.
Torque Measurements
Participants sat on a Biodex chair with their tested knee and hip flexed to 90°. The isometric
torque of the knee extensors was measured with a load cell (JR3 force-torque transducer) sam-
pled at 1000 Hz. Please see below in the Experimental Protocol for detailed description of tor-
que measurements.
Vascular Measurements
All experimental protocols were performed in a temperature controlled room between 8:00
and 10:00 AM. Subjects were seated in an upright position in the Biodex dynamometer (see
below) and rested for a minimum of 15 minutes prior to assessments of blood flow. Subjects
had a belt placed around their waist to reduce movement, and all vascular measurements were
taken on the inner thigh by the same individual who stabilized the ultrasound probe by hand.
The diameter, mean blood flow velocity, maximum blood flow velocity, and calculated volume
of blood flow through the superficial femoral artery were measured and analyzed using a Vivid
e ultrasound machine (General Electric, Fairfield, CT) equipped with a linear array 4.0–12.0
MHz transducer designed for vascular imaging with an isonation angle of 60°. Five unique
measurements consisting of 3 complete cardiac cycles per measurement were averaged prior to
testing the MVC of the lower limb (see below) to establish resting values. Immediately follow-
ing each submaximal contraction subjects remained seated in the upright position in the bio-
dex dynamometer still while a ten second video clip of the artery was recorded. Because
subjects were secured to the chair with a lap belt and the isometric contractions do not result in
movement of the lower limb, the same portion of the artery was able to be visualized following
all contractions. Because local blood flow is tightly coupled to metabolic demand and blood
flow rapidly returns to baseline following muscle contractions, only measurements obtained
during the first three complete cardiac cycles following the submaximal contractions were
included for analysis. To account for atrophy of the paretic limb, blood flow through the femo-
ral artery was normalized to lean muscle mass of the whole lower limb as determined by dual-
energy X-ray absorptiometry (DXA) analysis (below). To describe conditions the endothelium
of the superficial femoral artery was exposed to following muscle contractions, peak shear
stress through the femoral artery was calculated using the equation SS = 8μVPeak/D where SS is
shear stress, μ is blood viscosity (estimated to be 0.035 dyne x s/cm2), V is peak flow velocity,
and D is femoral artery diameter.[10, 11]
Body Composition and Clinical Measurements
All anthropomorphic measurements were performed in triplicate by a licensed bionutritionist.
Body composition analysis to determine the estimated visceral fat percentage, total lower limb
mass, lean muscle mass of the limbs, and percent fat composition of each limb was conducted
using an iDXA (GE Lunar Medical Systems, Madison, Wisconsin). Lower extremity Fugl-
Meyer (a quantitative assessment of motor impairment) and ten meter walk tests were
Hyperemic Response in Stroke
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performed by a licensed physical therapist. Each subject completed a physical activity question-
naire (estimates Mets-h/week).[9]
Experimental Protocol
Subjects were seated in a Biodex dynamometer chair with their hips and knees at 90 degrees of
flexion. Torso and lap belts were secured around the participant to prevent compensatory
movements. The lower limb was securely stabilized by straps into the dynamometer attach-
ment. After resting femoral artery blood flow measurements were made, each participant per-
formed 3–5 isometric knee extension MVCs (5 s each). MVC measurements were made in the
right lower limb of controls and both lower limbs of subjects with stroke. The peak knee exten-
sion torque from the trials was used as the MVC. Subjects were instructed to kick as “hard and
as quickly” as possible. MVC attempts were stopped when subjects repeatedly kicked within
3% of maximal torque recorded. Subjects were given verbal encouragement during each MVC
attempt. One minute rests were given between each attempt. Subjects then completed a single
10 second isometric contraction at 20, 40, 60, and 80% of the peak MVC (order randomized).
A 10 second contraction was chosen (vs. longer or repeated contractions) in order to examine
load-dependent hyperemic responses while minimizing muscle fatigue. Visual and verbal feed-
back was given throughout the duration of the kick to all subjects. A one minute rest was given
between contractions. Blood flow and heart rate were measured immediately prior to each sub-
sequent sub-maximal contraction trial to confirm blood flow values returned to baseline
values.
Stroke subjects performed two sets of submaximal contractions in the non-paretic lower
limb. During the first set, the target torque matched torque values of the paretic limb at each
graded intensity (“equal torque”). This allowed for comparison of flow while each limb per-
formed a similar amount of work despite different amounts of effort. The second set of sub-
maximal contractions were performed based on the measured MVC of the non-paretic lower
limb (“equal effort”). This protocol allowed for comparison of flow following similar graded
levels of effort, resulting in different degrees of work. To prevent muscle fatigue, the paretic
and non-paretic limbs were tested on separate days. The order of testing (non-paretic vs.
paretic limb) was counterbalanced.
Data Processing
Data processing was performed in Matlab (Mathworks, Natick, MA). Torque was zero phased
lowpass filtered at 10 Hz using a 2nd order Butterworth filter prior to analysis. MVC amplitude
was recorded as the average force during a 100 ms window surrounding the peak torque. An
MVC ratio was calculated between the paretic and non-paretic lower limb to assess asymmetry
of strength (paretic MVC/non-paretic MVC). The average torque for each 10 second contrac-
tion was found by calculating the mean torque value between 2 and 8 seconds of the
contraction.
Statistical Analysis
All data are reported as mean ± SD. A student’s t-test was used to test for differences between
control and stroke subjects for the subject characteristics. Separate one-way analysis of vari-
ances (ANOVAs) were used to test for differences in lower limb composition and the blood
flow response to exercise between the paretic, non-paretic, and control limbs. Differences
between individual means after ANOVA were determined using a post hoc Tukey’s test. To
test for differences in lower limb composition between the paretic and non-paretic limbs of
stroke subjects only, a paired t-test was performed. A mixed model repeated measures
Hyperemic Response in Stroke
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ANOVA was used to detect statistical differences in normalized blood flow between the tested
limb (non-paretic, paretic and control) and load level (baseline, 20%, 40%, 60%, and 80%
MVC). Separate Pearson correlation coefficients were calculated to determine relationships
between femoral artery blood flow and the following variables: MVC, MVC ratio between
limbs, Fugl-Meyer score, and physical activity. Statistical analyses were performed in SPSS 20.0
(IMB, Armonk, NY). Separate multiple regressions (forward stepwise method) were performed
to identify the single best predictor (dependent variables: ml/min/kg lean muscle mass at rest,
20%, 40%, 60%, and 80%MVC) of the following independent variables in the individuals with
stroke: Fugl-Meyer score, paretic MVC, MVC ratio, and level of physical activity. Normality of
the data from the separate groups was evaluated by visual inspection of Q-Q plots and the Kol-
mogorov-Smirnov test (normal distribution was accepted with p values> 0.05). Separate
regression analysis was performed to determine the linear relationship between torque gener-
ated and the hyperemic response for the paretic and control limbs (α = 0.05). To assess differ-
ences in the slope magnitude of these lines, we first examined the respective overlap of the 95%
confidence intervals of b1 co-efficient calculated for each line. We then used a t-test to deter-
mine the probability that the slopes of the 2 lines were different (α = 0.05). For all analyses, sig-
nificance was accepted at p< 0.05.
Results
Subject characteristics are presented in Table 1. Control subjects had higher LDL and total cho-
lesterol than stroke subjects. The average time post-stroke was 14.3±7.1 years. Of the ten stroke
subjects, eight had a middle cerebral artery stroke while two had a stroke in the posterior cere-
bral artery. Eight of the ten subjects were left side affected. Medications that all subjects were
taking are listed in S1 Table. Control subjects were not taking any medications.
Leg Strength, Size, Composition and Resting Blood Flow
Consistent with previous studies performed in stroke subjects,[8] the MVC of the paretic lower
limb was lower compared to either the non-paretic lower limb or the lower limbs of age and sex-
matched control subjects (Table 2). Further, compared with the non-paretic limb, the paretic
limb was (1) significantly smaller, (2) had reduced muscle mass, (3) a higher fat percentage, and
(4) reduced femoral artery diameter at rest (Table 2). Absolute blood flow (ml/min) was not sig-
nificantly different amongst any of the groups at rest (Table 3). In this cohort of subjects, when
Table 2. Leg strength, size and composition of all subjects.
Characteristic Control (n = 9) Non Paretic (n = 10) Paretic (n = 10)
Maximum Voluntary Contraction (Nm) 134.4±48.1* 87.2±53.0 50.6±31.3#
Thigh Circumference (cm) 54.7±4.6 53.1±3.9 51.2±4.7
Calf Circumference (cm) 37.5±3.2 36.7±3.5 34.5±2.5
Total Lower Limb Mass (kg) 13.0±2.6 14.3±2.9 13.0±0.8#
Lean Muscle Mass of Lower Limb (kg) 8.4±2.7 9.0±2.7 7.8±2.3#
Fat Mass of Lower Limb (kg) 4.1±1.3 4.7±0.6 4.7±0.6
Fat Tissue in Lower Limb (%) 32.5±9.9 35.8±8 38.4±7.3#
Femoral Artery Diameter (mm) 6.46±1.11 6.03±1.23 5.08±1.04#
All values are expressed as mean ± SD. n, number of subjects.
*Signiﬁcant difference (p<0.05) Control vs. Paretic–one way ANOVA.
#Signiﬁcant difference (p<0.05) Paretic vs. Non Paretic–paired t-test
doi:10.1371/journal.pone.0144023.t002
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resting blood flow was normalized to lean muscle mass of the limb, blood flow was 8% lower in
the paretic limb compared to the non-paretic limb, however this difference was not statistically
significant (p = 0.32). Compared to control subjects, the resting blood flow (when normalized to
lean muscle mass) was significantly lower in the paretic leg compared to control subjects.
Cardiovascular Response to Submaximal Contractions of the Knee
Extensor Muscles
Blood flow increased in a linear manner with the amount of effort performed in all three limbs
tested as shown in Table 3 and S2 Table. There were no differences in heart rate or peak blood
flow velocity between groups following submaximal contractions of the knee extensor muscles.
For all groups, femoral artery diameter did not change during the protocol; however, the diam-
eter of the artery was significantly greater in control subjects compared to either the paretic or
non-paretic limbs of stroke subjects during all conditions. Blood flow (ml/min) through the
femoral artery was not different among the groups at rest; however, flow was higher in the fem-
oral artery of control subjects compared to both the paretic and non-paretic limbs (equal tor-
que session) of stroke subjects during all load conditions.
Table 3. Vascular measurements during submaximal isometric contraction protocol.
Condition Test Limb Percent Maximum Voluntary Contraction
Rest 20 40 60 80
Heart Rate (bpm) Control 73±14 76±13 79±14 80±15 81±18
Non Paretic—Equal Effort 73±8 73±11 77±8 75±9 80±11
Non Paretic—Equal Torque NA 75±12 74±7.5 76±8 77±10
Paretic 73±8 73±10 74±8 78±10 77±10
Femoral Artery Diameter (mm) Control 6.46±1.11 6.49±1.09 6.47±1.11 6.47±1.09 6.48±1.11
Non Paretic—Equal Effort 6.03±1.23 6.07±1.25 6.00±1.24 6.04±1.27 6.06±1.22
Non Paretic—Equal Torque NA 6.10±1.15 6.08±1.24 6.11±1.23 6.10±1.18
Paretic 5.08±1.08* 5.09±1.12* 5.10±1.21 5.05±1.11* 5.04±1.12*
Mean Blood Flow Velocity (cm/s) Control 6.9±2.0 11.3±4.2 13.1±5.0 15.2±6.6 19.0±4.4
Non Paretic—Equal Effort 6.2±2.5 8.1±3.1 11.0±4.7 12.7±1.9 13.7±5.0
Non Paretic—Equal Torque NA 7.2±3.2* 9.6±4.0 12.2±7.3 11.8±3.7
Paretic 6.1±1.7 7.2±1.8* 9.9±3.5 10.6±3.6 11.0±3.8*
Peak Blood Flow Velocity (cm/s) Control 62.5±11.8 69.6±13.8 74.1±17.1 83.2±11.7 87.2±17.9
Non Paretic—Equal Effort 65.2±21.7 67.3±20.6 68.9±20.4 72.4±22.8 77.9±5.9
Non Paretic—Equal Torque NA 67.3±3.6 69.0±7.0 75.5±8.6 72.7±14.5
Paretic 62.2±17.0 64.9±11.1 73.0±13.9 70.9±11.5 74.4±15.2
Blood Flow (mL/min) Control 136±56 260±99 343±137 388±89 443±172
Non Paretic—Equal Effort 110±69 161±92 207±110 237±118* 264±135*
Non Paretic—Equal Torque NA 129±51* 171±73* 205±112* 217±114*
Paretic 80±40 101±49* 141±76* 137±70* 163±85*
Peak Shear Stress (dyne/cm2) Control 27.7±7.3 30.7±8.7 33.0±10.5 37.3±9.8 38.4±9.1
Non Paretic—Equal Effort 31.1±14.3 32.4±15.1 32.7±12.8 33.9±16.7 37.1±13.1
Non Paretic—Equal Torque 34.4±15.1 34.6±15.2 36.3±17.5 39.8±23.2 36.5±14.4
Paretic 36.0±14.5 38.0±15.3 42.6±16.9 41.3±14.4 43.3±15.5
All values are expressed as mean ± SD. NA, Not applicable. The same resting values were used in the equal torque and equal effort conditions for the
non-paretic lower limb. Control n = 9; Non Paretic–Equal Effort n = 10; Non Paretic–Equal Torque n = 9; Paretic n = 10. n = number of subjects.
*Signiﬁcant difference (p<0.05) vs. Control–one way ANOVA.
doi:10.1371/journal.pone.0144023.t003
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Change in Femoral Artery Blood Flow in Response to Submaximal
Contractions of the Knee Extensor Muscles
Representative ultrasound images showing blood flow through the superficial femoral artery of
a control subject and the paretic and non-paretic lower limb of a stroke subject at rest and
immediately following an 80%MVC contraction are shown in Fig 1. As shown in Fig 2A, both
the paretic and non-paretic limb of stroke subjects had a reduced hyperemic response to graded
muscle contractions compared to control subjects when contractions were performed at equal
effort. The paretic and non-paretic limbs of stroke subjects had an equal hyperemic response to
graded, submaximal muscle contractions performed during the equal torque test condition (i.e.
both limbs generated equal force during each test condition, regardless of differences in limb
Fig 1. Representative ultrasound images showing blood flow through either the superficial femoral artery of a neurologically intact control subject
or the paretic and non-paretic lower limb of a stroke subject at rest or immediately following an 80%MVC. Paretic and non-paretic superficial femoral
artery images are from the same subject. D, diameter; FBF, femoral blood flow.
doi:10.1371/journal.pone.0144023.g001
Hyperemic Response in Stroke
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Fig 2. (A) Blood flow through the superficial femoral artery was significantly reduced in the paretic
(n = 10) and non-paretic lower limb (n = 10) of stroke subjects in response to 10-second submaximal
isometric contractions of the knee extensor muscles compared to age and sexmatched control
subjects (n = 9). All subjects performed work based on the perceivedmaximal effort of the test limb
(i.e., equal effort). *Significant difference (p<0.05) control vs. paretic and non-paretic lower limb,
mixedmodel repeatedmeasures ANOVA. (B) Blood flow through the superficial femoral artery was
similar between the paretic (n = 10) and non-paretic (n = 9) lower limb of stroke subjects when the
non-paretic limb achieved target torques equal to the paretic limb (i.e., equal torque). Blood flow data
could not be quantified in the non-paretic limb of one subject following the equal torque test session.
n, number of subjects.
doi:10.1371/journal.pone.0144023.g002
Hyperemic Response in Stroke
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strength; Fig 2B). The increased hyperemic response to knee extensor muscle contractions in
control subjects vs. stroke subjects also was not solely determined by the absolute magnitude of
torque generated, as the slope of the response of control subjects was higher than the stroke
subjects (p = 0.02, S1 Fig).
The Hyperemic Response to Sub-maximal Contractions of the Paretic
Leg Correlates with Leg Function
Increased blood flow through the femoral artery of the paretic limb in response to an 80%
MVC positively correlates with 1) paretic lower limb strength (as assessed by maximum torque
generated; Fig 3A), 2) the symmetry of strength between the paretic and non-paretic limb (as
assessed by the paretic to non-paretic MVC ratio; Fig 3B), 3) the Fugl-Meyer score (a measure-
ment of motor recovery; Fig 3C), and 4) self-reported physical activity (Fig 3D). Resting blood
flow in the paretic limb was not correlated with any of the measured parameters, nor was rest-
ing blood flow in the non-paretic lower limb (data not shown, p> 0.05).
Blood flow through the femoral artery of the paretic lower limb following an 80%MVC was
the single best predictor of physical activity (r2 = 0.51, β = 0.71, p = 0.02), knee extensor MVC
ratio between the paretic and non-paretic lower limbs (r2 = 0.58, β = 0.76, p = 0.01), and Fugl-
Meyer score (r2 = 0.36, β = 0.658, p = 0.039). The single best predictor of the MVC of the
paretic limb knee extensor muscles was the blood flow response following the 20% MVC (r2 =
0.71, β = 0.845, p = 0.002).
Discussion
This is the first study to assess stroke-related changes in peripheral blood flow regulation in
response to submaximal muscle contractions in the chronic stroke population. There are two
major novel findings in this study. First, blood flow through the superficial femoral artery in
response to equal effort contractions of the knee extensor muscles is significantly reduced in
both the paretic and non-paretic lower limb of stroke subjects compared to neurologically
intact control subjects. Because blood flow was similar through the superficial femoral artery in
the paretic and non-paretic limbs of stroke subjects in response to equal torque knee extensor
muscle contractions, this suggests a systemic change in the regulation of peripheral blood flow,
rather than a change to the paretic lower limb only. Second, the hyperemic response to muscle
contraction in the paretic limb, as opposed to resting measurements, is positively correlated
with metrics of limb strength, the symmetry of limb strength between the paretic and non-
paretic limbs, Fugl-Meyer score, and levels of physical activity. Though this study included a
relatively small number of stroke subjects (n = 10), these findings suggest a potentially impor-
tant relationship between the peripheral regulation of blood flow in response to exercise/mus-
cle activity and motor function post stroke which warrants further investigation.
Although others have shown that resting blood flow is lower in the paretic lower limb of
stroke subjects [1–3] and that resting blood flow can increase in response to therapy,[1] we are
the first to quantify the flow response to graded levels of muscle activity. This is important
since it provides information in regard to the hemodynamic response to exercise that may be
useful in predicting functional outcomes. Data from this study indicate that individuals with
stroke demonstrate the ability to increase blood flow to the lower limb in a load-dependent
manner. However, the overall magnitude of the response in both limbs is blunted in compari-
son with controls when contractions are performed at an equal level of perceived effort.
Control subjects did not perform submaximal contractions to absolute torque levels match-
ing those measured in the paretic lower limb of the stroke subject with whom they were age-
and sex-matched. Therefore; it is possible that the larger hyperemic response observed in
Hyperemic Response in Stroke
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control subjects is a function of them performing more work than those with stroke as the aver-
age MVC in control subjects was 54% greater than the non-paretic limb, and 166% larger than
the paretic limb of stroke subjects (Table 2). However, as shown in S1 Fig, even when the knee
extensor muscles of the control subjects were generating low torque that was similar to values
reported in the paretic leg of stroke subjects, hyperemic blood flow was still greater, indicating
that the magnitude of hyperemic blood flow is not solely dependent on the amount of work
being performed. It is also not likely that the primary mechanism of the blunted hyperemic
response observed in stroke subjects is due to atrophy of the muscle because (1) the blunted
response occurs in both the paretic and non-paretic lower limbs, (2) the non-paretic lower
Fig 3. An increased blood flow response in the paretic lower limb following an 80%MVCwas positively correlated with (A) paretic limb strength,
(B) symmetry of limb strength, (C) Fugl Meyer score and (D) physical activity. There were no correlations between any of the measured parameters and
paretic lower limb blood flow at rest.
doi:10.1371/journal.pone.0144023.g003
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limb of stroke subjects and the lower limb of control subjects had equal amounts of lean muscle
mass, and (3) blood flow was normalized to lean muscle mass of the limb in all groups.
Alternatively, a general lack of physical activity and disuse of the lower limbs could explain
the blunted hemodynamic response in both limbs of the stroke subjects. The results of our
study indicate that stroke subjects who were the most physically active had the most robust
hyperemic response to exercise (Fig 3D). Subjects with stroke often have limited mobility; con-
sequently the amount of daily physical activity they perform can be pathologically low.[12, 13]
However, in our study the individuals with stroke and control subjects self-reported similar
levels of physical activity (Table 1). Due to the strong positive correlation between physical
activity and the hyperemic response to blood flow in the paretic leg, this is an area which war-
rants more detailed investigation with quantifiable measures of lower body physical activity
(for example, using pedometers and accelerometers in an at home setting).
It is also possible that autonomic dysregulation contributes to the blunted hyperemic
response in the stroke subjects. It has been shown that after stroke, individuals can have
decreased parasympathetic activity with a concordant increase in sympathetic activity,[14–16]
which may result in peripheral vasoconstriction. While these types of measurements are
beyond the scope of this study, it is worth noting that there were no differences in resting sys-
tolic blood pressure and heart rate between stroke subjects and control subjects. Future studies
will monitor blood pressure and heart rate during muscle contractions to determine if there is
an increased pressor response in stroke subjects.
To our knowledge, a comprehensive study to concordantly examine the effects of altered
paretic lower limb blood flow on strength and muscle performance has not been performed,
and is necessary to examine a cause-and-effect relationship between changes in paretic lower
limb blood flow and limb function. Importantly, data from this study demonstrate a positive
relationship between lower limb function and the hyperemic response to muscle contractions
in the paretic lower limb, while no relationship exists between lower limb function and resting
blood flow values. This highlights important activity-dependent differences in the hyperemic
response post stroke that are often overlooked or not characterized. In addition to providing a
more telling snapshot of cardiovascular function and physical fitness, this data allows us to
speculate that improving the hyperemic response to exercise could help optimize motor recov-
ery. Current stroke rehabilitation strategies primarily focus on lower limb strength, movement
quality, and cardiovascular fitness as separate issues. Data from this study suggest that examin-
ing the blood flow response to a single muscle contraction may potentially be used as another
assessment tool of impairment/cardiovascular health during the rehabilitation process. Future
studies will examine the hyperemic response to longer contractions that may more closely
mimic strengthening regimens or activities of daily living.
Study Limitations
Subjects were not in a fasting state during this study. Studies which assess endothelial function
of conduit arteries using the flow mediated dilation (FMD) technique recommend a minimum
8 hour fast prior to performing the technique as the postprandial phase can reduce peripheral
endothelial function.[17] Though we did not specifically test endothelial function with FMD, it
is conceivable that a non-fasting state could contribute to variation within our measurements
of active hyperemia. However, the stroke subjects served as their own controls and were tested
at the same time of the day, thus day-to-day variation should be minimal assuming no change
in diet.
Subjects also did not abstain from medications. While it would be advisable for subjects to
discontinue medication prior to assessment of endothelial function, we chose not to require the
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participants to discontinue medications they used for the medical management of stroke. A list
of medications the stroke subjects were taking is listed in S1 Table (note: control subjects were
not taking any medication).
The distance from the bifurcation of the femoral artery into the deep and superficial
branches was also not measured, however based on the location of the artery in the thigh, the
artery depth, and the observed diameter being consistent with published values,[18] we con-
cluded that the superficial femoral artery was visualized.
The results of this study indicate that the hyperemic response to graded muscle contractions
is reduced in both the paretic and non-paretic limb of stroke subjects compared to control sub-
jects; however, it cannot be concluded whether the reduced blood flow is either contributing to
the muscle weakness or is a consequence of the weakness of the knee extensor muscles. S1 Fig
indicates that although the hyperemic response in the paretic limb is still linear, the slope of the
response is less than controls (p = 0.02). Still, future larger studies which modulate blood flow
to the limb are necessary to determine if a cause-and-effect relationship exists between limb
blood flow and knee extensor muscle force generating capabilities.
Finally, this study has a relatively small sample size. Future studies with a larger sample size
will allow better examination of the relationship between blood flow and function by control-
ling for co-variance among independent measures.
Supporting Information
S1 Table. Medications taken by all stroke subjects. Control subjects were not taking any med-
ications.
(DOCX)
S2 Table. Maximum voluntary contraction, lower limb muscle mass, and femoral artery
blood flow values at each contraction level of all subjects. Scatter plots indicate that the
hyperemic response to muscle contractions increased linearly with increased torque in all
groups (r2 0.92).
(XLSX)
S1 Fig. Blood flow increased linearly with torque generated by the knee extensor muscles in
control subjects (closed circles) and in the paretic limb of stroke subjects (open circles).
While control subjects generated higher torque levels than stroke subjects, blood flow was still
greater in control subjects at torque levels comparable to those measured in stroke subjects.
(TIF)
Acknowledgments
We would like to thank the staff in the Translational Research Unit at the Medical College of
Wisconsin and Froedtert Hospital for body composition measurements.
Author Contributions
Conceived and designed the experiments: MJD BDS SKH DDG ASH. Performed the experi-
ments: MJD SAM KKS ASH. Analyzed the data: MJD SAM DDG ASH. Contributed reagents/
materials/analysis tools: BDS SKH ASH. Wrote the paper: MJD SAM DDG ASH BDS SKH.
References
1. Billinger SA, Gajewski BJ, Guo LX, Kluding PM. Single limb exercise induces femoral artery remodeling
and improves blood flow in the hemiparetic leg poststroke. Stroke. 2009; 40(9):3086–90. Epub 2009/
Hyperemic Response in Stroke
PLOS ONE | DOI:10.1371/journal.pone.0144023 December 2, 2015 12 / 13
06/13. doi: STROKEAHA.109.550889 [pii]doi: 10.1161/STROKEAHA.109.550889 PMID: 19520990;
PubMed Central PMCID: PMC2733919.
2. Billinger SA, Kluding PM. Use of Doppler ultrasound to assess femoral artery adaptations in the hemi-
paretic limb in people with stroke. Cerebrovasc Dis. 2009; 27(6):552–8. doi: 10.1159/000214218 PMID:
19390180.
3. Ivey FM, Gardner AW, Dobrovolny LC, Macko RF. Unilateral impairment of leg blood flow in chronic
stroke patients. Cerebrovascular diseases (Basel, Switzerland). 2003; 18(4):283–9.
4. Scherbakov N, Sandek A, Doehner W. Stroke-Related Sarcopenia: Specific Characteristics. J AmMed
Dir Assoc. 2015; 16(4):272–6. doi: 10.1016/j.jamda.2014.12.007 PMID: 25676847.
5. Scherbakov N, von Haehling S, Anker SD, Dirnagl U, Doehner W. Stroke induced Sarcopenia: muscle
wasting and disability after stroke. Int J Cardiol. 2013; 170(2):89–94. doi: 10.1016/j.ijcard.2013.10.031
PMID: 24231058.
6. Hafer-Macko CE, Ryan AS, Ivey FM, Macko RF. Skeletal muscle changes after hemiparetic stroke and
potential beneficial effects of exercise intervention strategies. J Rehabil Res Dev. 2008; 45(2):261–72.
Epub 2008/06/21. PMID: 18566944.
7. Knorr S, Ivanova TD, Doherty TJ, Campbell JA, Garland SJ. The origins of neuromuscular fatigue post-
stroke. Exp Brain Res. 2011; 214(2):303–15. doi: 10.1007/s00221-011-2826-5 PMID: 21847644.
8. Hyngstrom AS, Onushko T, Heitz RP, Rutkowski A, Hunter SK, Schmit BD. Stroke-related changes in
neuromuscular fatigue of the hip flexors and functional implications. Am J Phys Med Rehabil. 2012; 91
(1):33–42. doi: 10.1097/PHM.0b013e31823caac0 PMID: 22157434.
9. Paffenbarger RS Jr., Hyde RT, Hsieh CC, Wing AL. Physical activity, other life-style patterns, cardio-
vascular disease and longevity. Acta Med Scand Suppl. 1986; 711:85–91. Epub 1986/01/01. PMID:
3535417.
10. Mitchell GF, Parise H, Vita JA, Larson MG,Warner E, Keaney JF Jr., et al. Local shear stress and bra-
chial artery flow-mediated dilation: the Framingham Heart Study. Hypertension. 2004; 44(2):134–9. doi:
10.1161/01.HYP.0000137305.77635.68 PMID: 15249547.
11. Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role in atherosclerosis. JAMA. 1999;
282(21):2035–42. PMID: 10591386.
12. Tieges Z, Mead G, Allerhand M, Duncan F, vanWijck F, Fitzsimons C, et al. Sedentary behavior in the
first year after stroke: a longitudinal cohort study with objective measures. Arch Phys Med Rehabil.
2015; 96(1):15–23. doi: 10.1016/j.apmr.2014.08.015 PMID: 25220942.
13. English C, Manns PJ, Tucak C, Bernhardt J. Physical activity and sedentary behaviors in people with
stroke living in the community: a systematic review. Physical therapy. 2014; 94(2):185–96. doi: 10.
2522/ptj.20130175 PMID: 24029302
14. Xiong L, Leung HW, Chen XY, LeungWH, Soo OY, Wong KS. Autonomic dysfunction in different sub-
types of post-acute ischemic stroke. J Neurol Sci. 2014; 337(1–2):141–6. doi: 10.1016/j.jns.2013.11.
036 PMID: 24326200.
15. Dutsch M, Burger M, Dorfler C, Schwab S, Hilz MJ. Cardiovascular autonomic function in poststroke
patients. Neurology. 2007; 69(24):2249–55. doi: 10.1212/01.wnl.0000286946.06639.a7 PMID:
18071145.
16. Colivicchi F, Bassi A, Santini M, Caltagirone C. Cardiac autonomic derangement and arrhythmias in
right-sided stroke with insular involvement. Stroke. 2004; 35(9):2094–8. doi: 10.1161/01.STR.
0000138452.81003.4c PMID: 15272134.
17. Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau F, Creager MA, et al. Guidelines
for the ultrasound assessment of endothelial-dependent flow-mediated vasodilation of the brachial
artery: a report of the International Brachial Artery Reactivity Task Force. J Am Coll Cardiol. 2002; 39
(2):257–65. PMID: 11788217.
18. Thijssen DH, Dawson EA, Black MA, HopmanMT, Cable NT, Green DJ. Heterogeneity in conduit artery
function in humans: impact of arterial size. Am J Physiol Heart Circ Physiol. 2008; 295(5):H1927–34.
doi: 10.1152/ajpheart.00405.2008 PMID: 18775852; PubMed Central PMCID: PMC2614568.
Hyperemic Response in Stroke
PLOS ONE | DOI:10.1371/journal.pone.0144023 December 2, 2015 13 / 13
